Abstract P-type Cu 2 O nanocrystals were deposited on n-type silicon nanowire arrays (Si NWs) to form core-shell heterojunction arrays structure via a simple electroless deposition technique. Scanning electron microscopy, transmission electron microscope and x-ray diffraction were utilized to characterize the morphology and structure of the core-shell nanosystem. The reflectivity of the obtained core-shell structure measured by UV/vis spectrometry showed a comparatively low reflectivity in the visible-light region, which implied good optical absorption performance. The water splitting performance of the obtained Si NWs, planar Si/Cu 2 O structure and Si NW/Cu 2 O core-shell nanosystem were studied. Owing to the large specific surface area, heterojunctions formed between Cu 2 O nanocrystallites and Si NWs and the light trapping effect of the NW array structure, the photocatalytic performance of the Si NW/Cu 2 O core-shell nanosystem increased markedly compared with that of pure silicon NWs and a planar Si/Cu 2 O structure, which means excellent hydrogen production capacity under irradiation with simulated sunlight. In addition, the photocatalytic performance of the core-shell nanosystem was improved obviously after platinum nanoparticles were electrodeposited on it.
Introduction
Direct splitting of water using a semiconductor material under solar irradiation to produce clean and recyclable hydrogen on a large scale would be one of the best ways to solve the problems of energy shortages and environmental pollution. Since the pioneering work of Fujishima and Honda in 1972 [1] , tremendous research on semiconductor-based photocatalysis and photoelectrolysis has yielded a better understanding of the mechanisms involved in photocatalytic and photoelectrochemical splitting of water [2] [3] [4] [5] . Although a large number of semiconductor materials have been developed as good candidates for photoelectrodes and photocatalysts in past decades, the solar-hydrogen conversion efficiencies of these recognized materials are still not high enough. A nanostructured semiconductor photoelectrode or photocatalyst, which absorbs solar light more effectively and where solar-driven catalytic reactions take place, would play a critical role in the process of solar-driven water splitting. Thus, the design of efficient solar-active nanostructured materials has been the topic of considerable research [6] [7] [8] [9] .
Silicon is an attractive semiconductor material for constructing photoelectrodes or photocatalysts because of its abundance and unique electronic structure characteristics [10] . The study of silicon and its composite structure for use as a photocathode and photocatalyst in solar-driven water splitting has been going on for a long time [11] [12] [13] [14] . Nanostructured silicon [15, 16] , especially silicon nanowires (NWs) [17] [18] [19] [20] , and its composite heterojunction [21] [22] [23] [24] [25] used as a photoelectrode and photocatalyst has attracted more and more interest in recent years, and nanostructured silicon has been regarded as a very promising material for generating hydrogen from splitting water. In addition, as an inexpensive and eco-friendly material, Cu 2 O exists as a cuprite abundantly in nature, and has also been investigated extensively since Cu 2 O is a simple metal oxide semiconductor with small band gap energy of 2.0-2.2 eV [26, 27] . To date, it has been widely utilized as an active component in electrode materials, solar cells, superconductors and so on. The conduction and valence band edges of Cu 2 O seem to be available for reduction and oxidation of water, respectively, while the low band gap of Cu 2 O means that it can absorb visible light effectively. So it is considered as an ideal photocatalytic material for hydrogen generation. Nanostructured Cu 2 O [28] [29] [30] [31] [32] [33] [34] [35] and its composite structure [36] [37] [38] [39] [40] [41] used in photocatalytic water splitting have been investigated extensively, both theoretically and in experiments, in the past decade.
In this paper we report a Si NW/Cu 2 O nanocrystal core-shell heterojunction structure nanosystem photocatalyst by a simple electroless deposition technique. This structure enhances charge separation and transport of photo-induced carriers due to the heterojunction, and impels carriers to travel to the electrolyte/catalyst interface. Furthermore, the Cu 2 O nanocrystalline layer with a large surface area can improve the overall effective area for the photochemical reaction, thus improving the photocatalytic activity. The results demonstrate that the nanostructure heterojunction is of great importance for optimizing the photocatalytic performance of generation of hydrogen from water splitting. We also investigated the photocatalytic activity of the core-shell nanosystem with a platinum loading.
Experimental procedures

Silicon NW array fabrication
Highly oriented Si NW arrays on the silicon wafers were fabricated by a metal-assisted chemical etching method at room temperature.
(1) N-type Si wafers (1.5 cm × 1.5 cm, 380 µm thick, 10-20 cm resistivity) were cleaned by soaking in acetone for 30 min and then by ultrasonic cleaning for 5 min. After being rinsed with de-ionized water, they were soaked in ethanol for 10 min then rinsed with de-ionized water again. 
Deposition of platinum nanoparticles
Platinum nanoparticles served as a co-catalyst and were potentiostatically electrodeposited in 200 ml of 1 mM H 2 PtCl 6 solution at −0.1 V versus a standard Ag/AgCl reference electrode at room temperature. The deposition times were 10 min and 20 min respectively.
Surface morphology, structural characterization
The surface morphology of the Si NWs and Si NWs/Cu 2 O samples was characterized by field emission scanning electron microscopy (FE-SEM; Philips Sirion 200, Philips, Netherlands) equipped with an energy dispersive x-ray spectrometer (EDS) system, and Pt nanoparticles were characterized by transmission electron microscopy (TEM; JEM-2100F, JEOL Ltd, Japan). The structure of the core-shell nanosystem was characterized by x-ray diffraction (XRD; D8 DISCOVER x-ray diffractometer, Bruker, Germany) with Cu Kα radiation (λ = 1.5406Å).
Measurement of reflectance spectrum and photocatalytic performance
Reflectance spectra of the obtained Si NWs, planar Si/Cu 2 O structure and Si NWs/Cu 2 O core-shell nanosystem were collected using a UV/vis spectrometer (Lambda 20, Perkin Elmer, Inc., USA). The photocatalytic performance of Si NWs, planar Si/Cu 2 O structure, Si NW/Cu 2 O core-shell nanosystem, Pt-loaded Si NWs and Pt-loaded Si NW/Cu 2 O core-shell nanosystem was investigated in a gasclosed circulation system (Labsolar-III Beijing Perfectlight Technology Co. Ltd, China) with a top window Pyrex cell. A 300 W Xe lamp (SOLAREDGE700, Beijing Perfectlight Technology Co. Ltd, China) was used as the light source; the luminous power of the light source was about 40 W. The amount of H 2 evolved was analyzed by an online gas chromatograph (GC7900, Techcomp LTD., China) equipped with a thermal conductivity detector (TCD) and MS-5A column; N 2 was used as the carrier. In all experiments, 100 ml of de-ionized water containing the mixed sacrificial agent, composed of 0.25 M Na 2 SO 3 and 0.35 M Na 2 S, was added to the reaction cell, which eliminated the photogenerated holes. Then these photocatalysts were put directly into the electrolyte solution. The whole system was pumped out with a vacuum pump before reaction to remove the dissolved air. The temperature for all photocatalytic reactions was kept at about 25 • C. Figure 1 shows a schematic diagram of the fabrication process of the core-shell nanosystem. After the silica layer was removed, a silicon wafer was put into the mixed solution consisting of 5 M HF and 0.005 M AgNO 3 , in which a galvanic displacement reaction occurred [43] . That is, the reduction of metal ions (cathodic process) and the oxidation of Si atoms (anodic process) occurred simultaneously at the Si surface, while the charge is exchanged through the Si substrate:
Results and discussions
Then a thin silver nanoparticle film appeared on the surface of the silicon wafer. The formation of Si NW arrays can be explained basically by a Ag nanoparticle-catalyzed chemical etching model [42, 43] . The silicon underneath the Ag clusters acts as the anode, which is locally oxidized into SiO 2 , and the dissolution of SiO 2 by HF results in the immediate formation of shallow pits under the Ag clusters. Ag clusters act as cathodes that serve to transport the electrons released from Si to facilitate Si oxidation, and are successfully preserved to gradually sink downwards into etched pits. The mechanism of electroless deposition of Cu 2 O nanocrystals on Si NW arrays can be depicted as follows [44] . Formaldehyde worked as the reduction agent, and when the pH value of the solution is up to about 13 the number of OH − ions is large enough for the following chemical reaction to occur:
The surface morphology of Si NW arrays and Si NW/Cu 2 O core-shell nanostructures is shown in figures 2 and 3. figure 4(d) ). When the deposition time was 10 min, the size of the biggest Pt nanoparticle was up to a dozen nanometers ( figure 4(c) ). In the high-resolution TEM image ( figure 4(d) ), the interplanar spacing of 0.22 nm corresponds to Pt(111), while 0.25 nm corresponds to Cu 2 O(111).
The XRD pattern of the as-prepared core-shell nanosystem is shown in figure 5 . The highest peak corresponds to the Si(400) phase from the Si NWs, which indicates (222) planes. In addition, there exist two tiny impurity peaks of Cu(OH) 2 in the sample. Figure 6 shows the reflectance spectra of the as-prepared Si NWs, planar Si/Cu 2 O and Si NW/Cu 2 O core-shell nanosystem. The results indicated that the as-prepared Si NWs have excellent light absorption performance due to the array structure, porosity and the low energy gap of the material. For the Si NW/Cu 2 O core-shell structure, the reflectivity would increase when the quantity of Cu 2 O increased, which means that the light absorption performance would weaken to a certain extent. This could possibly be attributed to the vanishing of porosity and the slightly higher energy gap of the Cu 2 O material. However, compared with a planar Si/Cu 2 O structure, the Si NW/Cu 2 O core-shell structure still has a lower reflectivity, that is, it has higher light absorption ability, which can be ascribed to light trapping effects of the NW array structure. For example, for a Si NW/Cu 2 O structure with 5 min deposition of Cu 2 O, the reflectivity is only about 7-10%.
To study the photocatalytic activity of Si NW/Cu 2 O nanocrystalline core-shell nanosystem further, the catalytic activity of Si NWs was first investigated. It is well known that single material Si alone offers relatively low H 2 evolution kinetics because of the competitive carrier recombination process. However, when a sacrificial agent exists, the carrier recombination process will be effectively restrained and the photocatalytic activity of Si NWs will be improved. The obtained Si NWs showed a certain photocatalytic hydrogen generation ability under visible-light irradiation ( figure 7(b) ). Comparing figures 7(c) and (b), we can see clearly that the Si NW/Cu 2 O core-shell structure with 2 min deposition of Cu 2 O has a better photocatalytic performance than that of the pure Si NWs in spite of a slightly lower light absorption performance than that of the Si NWs (they have almost the same surface area). This could be attributed to the formation of heterojunctions between p-type Cu 2 O nanocrystallites and n-type Si NW arrays, which can accelerate the separation and transportation of photogenerated carriers effectively, thus minimizing carrier recombination. Besides, NW arrays further increase light absorption due to their excellent light trapping effects, which can be demonstrated by comparing figures 7(a) and (d). This is because a certain fraction of the reflected light would fall upon another area of the nanosystem in such a NW array structure and be available again for electron and hole generation instead of being lost to free space. Moreover, the photocatalytic performance of the core-shell nanosystem would be improved with the increase in the deposition time of Cu 2 O nanocrystallites (from figures 7(c)-(e)). This is because the effective surface area of the core-shell nanosystem for photocatalytic reaction would be obviously augmented (figures 2(c) and 3(a) and (c)). Compared with Si NWs, the photocatalytic performance of a Si NW/Cu 2 O core-shell nanosystem with 15 min deposition of Cu 2 O increased nearly 50%.
In addition, as is well known that Pt is one of the most efficient co-catalysts in water splitting owing to its high 
Conclusions
We report a simple high-efficiency electroless deposition technique to construct a Si NW/Cu 2 O core-shell heterojunction nanosystem photocatalyst for effective photocatalytic hydrogen generation from water splitting, where Cu 2 O nanocrystallites were uniformly distributed on the surface of vertical Si NWs and formed heterojunctions with Si NWs. Even though the Si NW/Cu 2 O core-shell structure has a slightly lower light absorption performance than that of the Si NWs, the photocatalytic performance of these core-shell nanosystems is still superior to pure Si NWs, due to a light trapping effect from the NW array structure and the formation of heterojunctions, thus improving charge separation and transportation, as well as the increased effective area for photoelectrochemical reaction from Cu 2 O nanocrystallites. In addition, the photocatalytic performance of Si NWs and the Si NW/Cu 2 O nanocrystalline core-shell nanosystem would be improved observably after loading with a Pt nanoparticle co-catalyst, which can be attributed to the high work function and low Fermi energy of Pt nanoparticles.
